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Abstract. Cytogenetic data accumulated from the experiments with peripheral blood lymphocytes ex-
posed to densely ionizing radiation clearly demonstrate that for particles with linear energy transfer (LET)
>100 keV/μm the derived relative biological eﬀectiveness (RBE) will strongly depend on the time point
chosen for the analysis. A reasonable prediction of radiation-induced chromosome damage and its distribu-
tion among cells can be achieved by exploiting Monte Carlo methodology along with the information about
the radius of the penetrating ion-track and the LET of the ion beam. In order to examine the relationship
between the track structure and the distribution of aberrations induced in human lymphocytes and to
clarify the correlation between delays in the cell cycle progression and the aberration burden visible at the
ﬁrst post-irradiation mitosis, we have analyzed chromosome aberrations in lymphocytes exposed to Fe-ions
with LET values of 335 keV/μm and formulated a Monte Carlo model which reﬂects time-delay in mitosis
of aberrant cells. Within the model the frequency distributions of aberrations among cells follow the pattern
of local energy distribution and are well approximated by a time-dependent compound Poisson statistics.
The cell-division cycle of undamaged and aberrant cells and chromosome aberrations are modelled as a
renewal process represented by a random sum of (independent and identically distributed) random ele-
ments SN =
∑N
i=0 Xi. Here N stands for the number of particle traversals of cell nucleus, each leading to
a statistically independent formation of Xi aberrations. The parameter N is itself a random variable and
reﬂects the cell cycle delay of heavily damaged cells. The probability distribution of SN follows a general
law for which the moment generating function satisﬁes the relation ΦSN = ΦN(ΦXi). Formulation of the
Monte Carlo model which allows to predict expected ﬂuxes of aberrant and non-aberrant cells has been
based on several input information: (i) experimentally measured mitotic index in the population of irradi-
ated cells; (ii) scored fraction of cells in ﬁrst cell cycle; (iii) estimated average number of particle traversals
per cell nucleus. By reconstructing the local dose distribution in the biological target, the relevant amount
of lesions induced by ions is estimated from the biological eﬀect induced by photons at the same dose level.
Moreover, the total amount of aberrations induced within the entire population has been determined. For
each subgroup of intact (non-hit) and aberrant cells the cell-division cycle has been analyzed reproducing
correctly an expected correlation between mitotic delay and the number of aberrations carried by a cell.
This observation is of particular importance for the proper estimation of the biological eﬃciency of ions
and for the estimation of health risks associated with radiation exposure.
1 Introduction
Biological eﬀects of ionizing radiation result primarily
from damage to DNA which contains genetic information
crucial for functioning and division of the cell. Ionizing
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radiation induces several types of DNA damages such as
single- and double-strand breaks (SSBs and DSBs, respec-
tively), base damages and DNA-protein cross links (cf.
Fig. 1). Among these, DSBs are considered to be the most
severe radiation-induced damage determining the fate of
the injured cell, since non-repaired or misrepaired DSBs
can give rise to chromosome aberrations, mutations or
cell transformation and cell death. Experimental data and
modelling studies, both evidence that the quality of lesions
changes as a function of LET. Whereas for low-LET ra-
diation a random energy deposition results in a uniformly





single strand break SSB 
double strand break DSB 
Fig. 1. DSB is a key cytogenetic lesion for ionizing radia-
tion. It is generated when two complementary strands of DNA
double helix become broken simultaneously at sites which are
distant apart by several base pairs. Proximity of breakage is
responsible for disruption of the DNA structure.
distributed pattern of lesions, for high-LET particle radia-
tion the localized dose deposition along the track of a pro-
jectile leads to a non-random clustering of radiation events
and subsequent damage induction which can be correlated
over short distances. Intricate clusters of damage formed
in this way comprise one or more DSBs, as well as associ-
ated SSBs, base damages and cross links within about ten
base pairs. Because of their complexity, such clusters are
less repairable than sparsely distributed single damages.
Since the discovery of radiation and radioactivity more
than 100 years ago, its beneﬁciary application for the
mankind ranges from medicine – where both conventional
low LET radiation (photons) and high LET ion beams
are used for cancer therapy – to industry, agriculture
and research. On the other hand, understanding biolog-
ical eﬀects of irradiation is a crucial factor in radiopro-
tection programmes aimed to lower potential risks associ-
ated with the use of radiation sources, occupational hazard
and accidental exposures [1–3]. Radioprotection manage-
ment is based on evaluation of dosimetric quantities, like
dose, by use of dedicated physical dosimeters. However, in
case of accidental exposures of non-professionals, dosimet-
ric evaluations of absorbed doses have to rely mainly on
biomarker studies in which the assessment of dose is re-
lated to speciﬁc biological endpoints of interest. In a stan-
dard biodosimetric method information about previous
exposure to radiation is gained by detecting and analyz-
ing chromosome aberrations whose score correlates with
the absorbed dose. Notably, dose-eﬀect relationship has a
diﬀerent character for low- and high-LET radiation, man-
ifested in shapes and slopes of derived induction curves.
On Earth, the natural and artiﬁcial radiation results
mainly from sparsely (low-LET) ionizing radiations such
as X-, β or γ-rays, while in deep space high energy pro-
tons, He-ions and heavier ions named high-Z and high en-
ergy particles predominate. Although particles like Fe-ions
contribute only with 1 percent to the overall particle ﬂux
in space, they are a major concern for astronaut safety,
due to their high ionizing energy and great penetration
power [4]. Up to date, only limited data on the biologi-
cal eﬀects of heavy, high energetic particles are available
leading to large uncertainties in the prediction of adverse
health eﬀects such as the induction of cancer, neurological
disorders or cataracts [5,6].
To contribute to this issue we investigate the induc-
tion of chromosomal damage in peripheral human blood
lymphocytes after exposure to Fe- particles by means of
stochastic modelling and Monte Carlo simulations based
on experimental measurements. The main purpose of the
modelling described in the forthcoming sections is to es-
tablish the procedure which would allow us to (i) predict
aberration yield per one particle traversal; and (ii) esti-
mate expected distribution of damage among cycling cells
at diﬀerent times after exposure.
2 Materials and methods
Lymphocytes were isolated from the whole blood, resus-
pended at a density of 4 × 106 cells/mL in complete
medium (RPMI 1640 medium supplemented with 20%
fetal calf serum, 2 mM L-glutamine, 100 U/mL peni-
cillin, 100 μg/mL streptomycin) as described in detail
elsewhere [7].
All exposures were done at GSI. Irradiation with Fe-
ions (initial energy: 200 MeV/u) was performed at the
heavy ion synchrotron SIS in specially designed polyethy-
lene holders with a 2-mm-thick well for the sample
and 1-mm plastic between the cells and the radiation
source. At sample position the energy of the Fe-ions was
177 MeV/u with LET = 335 keV/μm. By energy loss cal-
culations it was conﬁrmed that track segment conditions
are fulﬁlled. For comparison, cells were irradiated with
X-rays (250 kV, 16 mA, 1 mm Al and 1 mm Cu ﬁltering).
Particle and X-ray exposures were done at room tem-
perature and controls were sham irradiated. For Fe ions
(2.2 Gy), the irradiation time was about 2 min. The expo-
sures to X-rays were performed at a dose rate of 2 Gy/min.
Preparation of metaphase cells, chromosome stain-
ing and aberration analysis have been performed accord-
ing to standard techniques. Chromosome spreads have
been prepared and stained with Fluorescence-plus-Giemsa
(FPG) technique to distinguish between metaphases in
ﬁrst, second and third post-irradiation cycles [8,9]. All
aberration types detectable with the staining method have
been scored, including chromatid-type aberrations (for
further discussion, see [10,11]). Througout the paper we
use experimental data sets published in reference [9].
3 Statistical analysis: number of aberrations
induced by multiple particle traversals
We refer to a random variable Xi which represents num-
ber of aberrations induced by ith single particle traversal
through the target (a cell nucleus). After assuming that
all particle traversals are statistically independent events,






Fig. 2. Chart explaining detection and anal-
ysis of radiation-induced chromosome aberra-
tions in a standard Giemsa staining: artiﬁcial
induction of cell proliferation is followed by
subsequent processing of DNA lesions in course
of DNA synthesis in the S- and G-phases (a),
(b) of the cell-cycle (e). Arrest of the cells in
mitosis (c) allows to analyzed structural chro-
mosome abnormalities (d). Formation of chro-
mosomes involves complex chromatin folding
and packing (f) in an interphase nucleus of typ-
ically 5−20 μm in diameter.
we analyze the random sum of identically distributed and
independent (i.i.d.) stochastic elements SN =
∑N
i=0 Xi
which, by deﬁnition, is itself a random variable [12]. In
this formalism N stands for a (random, and in general,
time dependent) number of particle hits per nucleus whose
distribution can be described by the probability generat-
ing function (p.g.f.) FN (s) ≡ E(sN ) =
∑∞
n =0 P (N =
n)sn, where F : R → R and s stands for the argu-
ment of the function F . Since Xi is i.i.d., the p.g.f. is
FXi(s) = E(sXi) =
∑∞
k =0 P (Xi = k)s
k. By using the
Bayes rule and statistical independence of Xi, the corre-
sponding p.g.f. of SN variable can be recast in the form of:




FnXi(s)P (N = n) = FN (FXi (s)).
(1)
Accordingly, by diﬀerentiation of the FSN (s), the informa-
tion about p.m.f. can be retrieved from the formula







With the known P (N = n) and for k = 0, the above
equation takes the form:
P (SN = 0) =
∞∑
n=0












P (N = n) (P (Xi = 0))
n
. (3)
Obviously, for known distributions P (SN = k), P (N = n)
(referring to the overall number of damage produced due
to N particle traversals through the nucleus), recurrent
use of equation (3) allows to derive distribution P (Xi = x)
for x = 0, 1, 2 . . . For example, be deriving P (Xi = 0) and
P (Xi = 1) from equation (3), in the next step one can
evaluate
P (SN = 1) = P (Xi = 1)
∞∑
n=1




Assuming that E(N) = λ is an average number of particle
traversals per nucleus and E(Xi) = μ – an average num-
ber of aberrations induced by one particle traversal with
corresponding variances Var(N) = τ2 and Var(Xi) = σ2,
the overall mean and variance of aberrations produced in

















= λσ2 + μ2τ2. (6)
In practice, random distribution of particle traversals
through the nucleus is well approximated by the Poisson
statistics [13–16] with the characteristic mean value of par-
ticle hits E(N) = λ related to the dose imparted to the
target. As a consequence, the formula equation (1) can be
rewritten in the form representative for the Neyman-type
A statistics [11,17–19]
FSN (s) = e
−λ(1−FXi (s)). (7)
4 Aberration yield in normal human
lymphocytes
4.1 Track structure
The observed radiation damage results from a local spa-
tial distribution of ionization events responsible for induc-
ing DSBs and followed by formation of aberrations (see
Figs. 1 and 2). For X-rays the energy deposition in the
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Fig. 3. Local dose deposition of photons and heavy ions examined in the present study: (a) 2 Gy of X-rays (LET = 2 keV/μm)
and (b) 2.2 Gy of 177 MeV/u Fe-ions (3.7×106 ions/cm2, LET = 335 keV/μm). The radial dose proﬁles of tracks were calculated
by a software developed at GSI. For Fe-ions the track radius scales with the energy of a projectile like R ∝ E1.7 and is ≈330 μm.
A ﬂuence of 4× 106 ions/cm2 corresponds to about 1 direct hit per cell nucleus of a human lymphocyte.
Fig. 4. Distribution of chromosome aberrations induced by
2 Gy of X-rays and 2.2 Gy of 177 MeV/u Fe-ions in 100 cells
scored at 48 h after exposure to radiation. The relative fre-
quency of ﬁrst cycle metaphases carrying a distinct number of
aberrations is plotted. Error bars on the data represent sam-
ple variations and have been estimated as
√
n, where n is the
number of events of a given class. The solid line represents the
best ﬁt to the experimental data by either the Poisson (X-rays)
or Neyman-type A (ions) distributions.
micrometer scale (adequate to the size of the cell nucleus)
is homogeneous, cf. Figure 3a. In line with this observa-
tion, the frequency distribution of damages can be then
well ﬁtted by use of the Poisson statistics P (x) = 〈x〉
xe−〈x〉
x!
with the mean value 〈x〉 (cf. Fig. 4).
In contrast, irradiation with a similar dose of Fe-ions
results in a microscopic energy distribution with a clear
non-uniform pattern, cf. Figure 3b. Charged particles de-
posit the energy along their trajectory with a distinct fall
oﬀ of the dose at a distance r from their path showing
a 1/r2 dependence [14,16,20]. The maximum radial range
of δ electrons is limited and deﬁnes the corresponding
track radius R with a power-law dependence on the spe-
ciﬁc energy E of the projectile R ≈ 0.05× E1.7, where R
is measured in μm and E in MeV/u. The pattern of in-
duced ionizations is reﬂected in the distribution of primary
lesions (DSBs) in cell nuclei crossed by an ion and can
Fig. 5. Amount of aberrations per cell observed in ﬁrst
metaphases at diﬀerent times after exposure to 2.2 Gy of
177 MeV/u Fe-ions (335 keV/μm). Error bars are SEM (stan-
dard error of the mean). For comparison, the dashed line rep-
resents a constant, time-independent aberration yield observed
after exposure to 2 Gy X-rays [9,11].
be visualized by immunochemical techniques [21]. Alto-
gether, due to the stochastics of particle hits ion exposure
results in a considerably inhomogeneous and dispersed dis-
tribution of aberrations among cells since non-hit cells and
cells with diﬀerent number of traversals are present in the
same population, cf. Figure 4.
For human lymphocytes the mean geometrical cross-
section of the cell nucleus is about 25 μm2 [22] and the
nuclear region forms approximately 65% of the total cell
area. Consequently, for lymphocytes an exposure to a par-
ticle ﬂuence 4× 106 ions/cm2 leads to a mean number of
one direct particle traversal per cell nucleus. Therefore,
knowing the ﬂuence of the ion beam the average number
of particle traversals per cell nucleus, λ can be estimated.
4.2 Impact of aberration burden on progression
of cells in mitosis
In Figure 5 the chromosomal damage measured in lym-
phocytes reaching the ﬁrst mitosis by 48, 60, 72 and 84 h
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has been plotted. In lymphocytes irradiated with X-rays
with doses up to 2 Gy the aberration frequency in ﬁrst
cycle metaphases is almost constant in time [9,10,23]. In
contrast, after exposure to particles with higher LET val-
ues, the aberration frequency elevates markedly with time,
i.e. cells passaged by many particles are found to reach
mitosis later than those with a lower number of hits or
unhit cells [11,24–27]. The signiﬁcant diﬀerences in aber-
ration yields observed at earlier and later culture times
(cf. Fig. 5) can therefore complicate the estimation of
absorbed doses as e.g. used in biological dosimetry.
Cell population grows as cells progress to mitosis
and divide. Therefore, in order to analyze how irra-
diated cells diﬀer in their capabililty to divide, ﬂuxes
of aberrant and non-aberrant cells should be examined
in the growing population with respect to an initial
number of cells [10,27–30]. By using multiple-sampling
technique [31] and a mathematical folding of the data ob-
tained at diﬀerent time-intervals the integrated ﬂuxes of
aberrant cells and aberrations detected in mitosis can be
analyzed [9–11] and the loss of heavily damaged cells from
irradiated cell populations can be properly estimated.
In forthcoming sections we introduce modiﬁcations
of a previously proposed kinetic reaction-rate mod-
els [28,32–35] which incorporated cell-cycle delay eﬀects
in the prediction of aberration yield observed in samples
of growing population of cells at various time intervals
after exposure. In those approaches, owing to the obser-
vation that each sample reﬂects only the damage produced
within a segment of the cell population, the total amount
of aberrant cells and aberrations are determined by inte-
gration of ﬂuxes of aberrant cells (or aberrations) visible
in mitosis at a given time. In other words, for each col-
lection time, the yield of aberrant cells and aberrations
is weighted with the corresponding mitotic index reﬂect-
ing kinetic rate of the cells (the tempo of passage through
mitosis). Because of experimental limitations (passage of
cells is recorded not continuously but only at several time
points), a linear interpolation between data points has to
be performed. Moreover, in order to consider the dilution
of observed aberration yields in increased number of cells
proliferating during the experiment, a correction factor for
the mitotic index has to be applied.
Based on such analysis, accumulated data are summed
yielding the realistic estimates of fraction of aberrant cells,
the number of aberrations induced per 100 initial cells
and the proportion of lost cells (i.e. cells which do not
reach the ﬁrst mitosis) [28,32–34]. Further modiﬁcation of
the model allows to predict the distribution of aberrations
among cells at various times after exposure.
5 Time-dependent aberration yield
as a stochastic process
5.1 MI model (mitotic index model)
Let q(t) be the probability that cell hit by one particle has
survived and is able to reach mitosis at time t. Then the
fraction of cells hit by n particles and visible in mitosis
at time t is P (N = n)qn(t). Accordingly, the p.m.f. of the
random variable N (representing number of charged parti-
cles traversing the cell nucleus) at time t can be expressed
in the form
Pt(N = n) =
P (N = n)qn(t)
∑∞
i=0 P (N = i)qi(t)
. (8)
Following the assumption about the Poisson distribution
of hits N˜Poisson(λ), equation (8) can be rewritten as:













The corresponding probability generating function takes
on the form





sn = e−λq(t)(1−s), (10)
so that
E(N, t) = λq(t) = Var(N, t). (11)
By deﬁnition, the distribution of aberration is described
by the compound Poisson process. Hence, its p.g.f. (1)
assumes the form
FSN (s, t) = e
−λq(t)(1−FXi (s)) (12)
from which the ﬁrst two moments can be evaluated, cf.
equations (5) and (6):
E(SN , t) = μλq(t), (13)
Var(SN , t) = λq(t)(σ2 + μ2). (14)
The above procedure, which undertakes q(t) as a weight-
ing factor in evaluation of the number of induced aberra-
tions in hit cells was ﬁrst proposed by Kaufman et al. [36]
and Edwards et al. [13] to explain a low yield of aberra-
tions appearing in mitoses at 48 h after exposure to alpha-
particles. Note that the overall distribution of aberra-
tions follows in this model a non-homogeneous compound
Poisson distribution [17] with a rate Λ = λq(t).
5.2 MI&FCI Model (mitotic index and 1st cell cycle
index model)
More elaborate version of the above model takes into ac-
count analysis of subpopulations of hit and non-hit cells.
Let q(t) be the probability that a cell hit by one particle
is able to reach mitosis at time t and z(t) stands for the
probability that a non hit cell is in ﬁrst mitosis at time
point t. Then the fraction of cells hit by n ≥ 1 particle and
visible in mitosis at time t is P (N = n)qn(t) and fraction
of non hit cells visible at point t is P (N = 0)z(t). Now,
the p.m.f. of N at time t is:
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and with the assumption N˜Poisson(λ), can be rewritten
to






, n = 0
(λq(t))n
(z(t)+eλq(t))n!
, n > 0.
(16)
A corresponding p.g.f. for N -variable takes the form
FN (s, t) =
∞∑
n=0
Pt(N = n)sn =
z(t)− 1 + eλq(t)s
z(t)− 1 + eλq(t) (17)
with the mean and variance given by:
E(N, t) =
λq(t)eλq(t)
z(t)− 1 + eλq(t) , (18)
Var(N, t) = E(N, t)(λq(t) + 1− E(N, t)). (19)
Direct use of equation (1) implies the p.g.f. for the random
sum SN at time t:
FSN (s, t) =
z(t)− 1 + eλq(t)FXi (s)
z(t)− 1 + eλq(t) . (20)
Accordingly, mean and variance of SN (cf. Eqs. (5)
and (6)) have simple expressions
E(SN , t) = E(Xi)E(N, t) = μ
λq(t)eλq(t)
z(t)− 1 + eλq(t) , (21)
Var(SN , t) = E(N, t)σ2 + μ2Var(N, t). (22)
Note that in both MI and MI&FCI models the time-
dependence in distribution of aberrations enters via ki-
netic parameters describing progression of cells through
mitosis q(t), z(t). In turn, parameters μ and σ2 are con-
stant in time mean and variance of the distribution
of aberrations produced by a single particle traversal.
Apparent departures of this distribution from a sim-
ple Poisson frequency, expected for induction of radio-
biological eﬀects by photons and low LET radiation,
can be observed by studying dispersion parameter r =
Var(SN , t)/E(SN , t) which signiﬁcantly deviates from 1
for non-Poisson statistics [12,19].
Cells kinetics, i.e. their progression (or delay) in mito-
sis is well reﬂected experimentally by analysis of a mitotic
index, MI(t), which deﬁnes a time-dependent reaction
rate for expanding population of dividing cells [28,29,37].
In experiments where the amount of chromosomal dam-
age increases signiﬁcantly with sampling time, a correction
factor for dilution of late dividing, heavily damaged cells
by the preceding division of undamaged or less damaged
cells has to be applied [24,28]. Moreover, in order to con-
strain the analysis to the ﬁrst post-irradiation cycle only,
the total division rate MI(t) has to be weighted with the
fraction of cells at ﬁrst mitosis. Both indices can be derived
by applying a standard procedure of staining metaphase
spreads by the FPG method, as described elsewhere [8,10].
Fig. 6. Parameter q(t) interpolated to ﬁt experimental data
collected at four diﬀerent time points (red symbols).
Fig. 7. Index of 1st cycle cells obtained from 4 independent
experiments. Error bars represent intra-donor variability.
As the parameter q(t), used in Section 5, we propose to
hold the corrected mitotic index, as introduced by Scholz
et al. [24,28,29]. Following this analysis, fraction of cells
in ﬁrst mitosis can be well approximated by the ratio of














and has been displayed in Figure 6. The values q(t) calcu-
lated from experimental data for 48, 60, 72 and 84 h after
irradiation with Fe ions are illustrated as red symbols.
Data for other time points have been interpolated by the
Gaussian method with a cubic polynomial. In addition,
Figure 7 displays parameter z(t) derived from analysis of 4
control (non-irradiated) sets obtained from blood samples
of the same donor.
6 Comparison of models with experimental
data
In order to select the model of preference in description of
metaphase transition through the cell cycle and analysis
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Fig. 8. Results of Monte Carlo simulations for 2.2 Gy 177 MeV/u Fe-ions (LET = 335 keV/μm). Histograms represent
distributions of the number of particle traversals in population of surviving cells at 48 h and 72 h after irradiation.
Fig. 9. Distribution of aberrations among cells as derived from Monte Carlo simulations for 2.2 Gy 177 MeV/u Fe-ions
(LET = 335 keV/μm) and compared with experimental data.
of pattern of distribution of aberrations at diﬀerent time
points after irradiation, we have performed Monte Carlo
(MC) simulations following the line of reasoning presented
in Sections 5.1 and 5.2. The input parameters for the code
are indices q(t), z(t) and the value of λ evaluated from the
estimated ﬂuence of ions (see Sect. 4.1). Unknown param-
eter μ is further derived in procedure of ﬁtting simulated
frequency of aberrations to experimental data obtained
for 3-4 diﬀerent time points. For each time point simu-
lated frequency histograms involve repeated analysis of
103 cells with subpopulations of aberrant and non-hit cells
sampled from the compound Poisson distribution and de-
viations from the experimental values are checked by use
of the χ2 test. The outcomes of the MC simulations for
both models are presented in Figures 8 and 9.
Clearly, the results derived from MI&FCI and MI
models diﬀer for decreasing fraction of non-hit cells z(t)
completing ﬁrst mitosis. For z(t) ≈ 1 both approaches pre-
dict similar mean value of aberrations E(SN , t) detectable
in cycling cells at a given time point t. Also, the param-
eter μ, essential in estimation of E(SN , t) diﬀers for ﬁts
to experimental data performed with either one of the
procedures yielding μ = 2.5 ± 0.1 and μ = 3.8 ± 0.2
for MI&FCI and MI model, respectively. Accordingly,
Figure 9 displays diﬀerences in predicted distributions of
aberrations derived from simulated data.
Additionally, our analysis provides means to construct
expected distribution of aberrations produced by one par-
ticle traversal through the cell nucleus, P (Xi = x). Follow-
ing procedure described in Section 3, for each time point t,
the statistics of the random variable SN can be deduced
from recurrent use of equations (3) and (4). Equivalently,
those equations can be used to derive P (Xi = x) pro-
vided known statistics of P (SN = k) and Pt(N = n). Data
obtained in this way have been illustrated in Figures 10
and 11.
Although frequency histograms predicted by both
models equally well reﬂect experimental distributions of
aberrations among 100 cells, the MI&FCI model seems
to be more representative in ﬁtting the value of μ parame-
ter (the number of aberrations per one particle hit) which
stays closer to the experimental estimate [9]. Further
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Fig. 10. Distribution of aberrations produced by one particle
hit P (Xi = x) derived from MC distributions of aberrations
in 100 cells P (SN = k) ﬁtted to experimental data at 72 h
and 84 h. Cells were exposed to 2.2 Gy 177 MeV/u Fe-ions
(LET = 335 keV/μm). Error bars have been estimated by the
method of propagation of uncertainty.
Fig. 11. Experimental distribution of aberrations in irradiated
cells at 72 h after exposure compared with analogous frequency
deduced from the Monte Carlo MI&FCI model. Error bars as
in Figure 9.
analysis of aberration yield and distribution after expo-
sure to other ions should be applied to conﬁrm this point.
In conclusion, we have presented a detailed stochas-
tic model which accurately describes cytogenetic eﬀects
of densely ionizing radiation by analysis of pattern of dis-
tribution of aberrations among cells. The analysis con-
tributes substantially to manner of interpretation of cy-
togenetic data with respect to the particular scenario of
radiation exposure. For example, a Poisson distribution
of damage may be representative for uniform radiation
exposure, whereas more complex, compound Poisson dis-
tributions with a high overdispersion index are indicative
for irradiation with charged particles. When additionally
weighted with the reaction rate describing transmission of
the ﬁrst cycle cells through mitosis, the model correctly
describes ﬂow of aberrant cells in irradiated population
and allows to predict aberration yield at various post-
exposure times.
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